Luminescent materials have been utilized widely in applications from lighting to sensing. The new development of technologies based on luminescence requires the materials to have high luminescence efficiency and mechanical strength. In this paper, we report the fabrication of luminescent materials possessing high mechanical strength by nanofabrication with polyvinyl alcohol used as a stabilizer or coupling agent. X-ray diffraction and high-resolution transmission microscope observations reveal that the nanocomposite sample contains ZnS and ZnO nanoparticles as well as kozoite and sodium nitrate. The mechanical strength and hardness of these nanocomposites are reasonably high, higher than polycarbonate and some carbon nanotube reinforced nanocomposites. Strong luminescence is observed in the new nanocomposites and the luminescence intensity does not degrade following up to 30 min of x-ray irradiation. Our results indicate that nanofabrication may provide a good method to improve the mechanical strength of luminescent materials for some applications in which high-strength luminescent materials are needed.
Introduction
The applications of luminescent materials or phosphors are ubiquitous, from indicator lights, to numeric displays on consumer electronic devices, to flat panel displays, to general illumination, to biological/biomedical imaging and detection, to bacterial disinfection as well as to homeland security [1] . Luminescence for solid-state lighting is most familiar to us and is the most popular application of phosphors. In the US alone, producing electricity costs $60 billion a year [2] . About 20% of the electricity is used for lighting. Solid-state lighting and the related display technology are important components of our lifestyle and may change the way we live in the future. 5 Author to whom any correspondence should be addressed.
In addition to solid-state lighting, luminescent materials may also find applications in radiation detection, x-ray medical imaging, field emission displays, cathode-ray displays, plasma displays, triboluminescence, or mechanoluminescence. Luminescent materials are also used to measure surface temperature in challenging hot environments such as blades and vanes in turbine engines [3] . In all these applications, the materials are required to have not only high luminescence efficiency but also high chemical and mechanical stability. For example, field emission displays (FEDs) are one type of flat panel display technology that may replace liquid crystal displays (LCDs) or cathode-ray (CR) displays. The FED is a vacuum electron device that impinges electrons from a cathode onto a phosphor coated screen [4] . One of the challenging issues for an FED is the stability and lifetime of the phosphors that must undergo bombardment from an electron beam with typical voltages of 3-7 kV [4] . Similarly, in the generation of short-wavelength lasers through upconversion, the luminescent materials should have a high laser damage threshold for high-power laser excitation [5] . In addition, luminescent materials are also widely used for lighting and highway sign indicators [6] . This requires that the materials tolerate temperature changes, moisture, and sometimes severe solar radiation. Therefore, the strength enhancement of luminescent materials is a key issue for many new applications.
It has been demonstrated that doping of inorganic nanoparticles into a polymer matrix can form nanocomposites to enhance the mechanical properties of the neat polymer [7] . With the improvement of properties, nanocomposites can be used in a variety of engineering applications such as automobile bumpers, thermal insulation materials, and fireretardant materials.
The nanocomposites can also be used as the matrix material in continuous fibre reinforced composites. One example is the E-glass fibre reinforced composites in which the matrix is the nanoclay polypropylene nanocomposite [7] . Nanoparticles as fillers in polymers can enhance the thermo-mechanical behaviour of polymers significantly.
The addition of a small weight fraction of nanoparticles, typically 10% or less, can increase the overall stiffness and strength of the polymers by more than 100% [8] . Following this consideration, if luminescent nanoparticles are doped into a high-performance polymer, the resulting nanocomposites can potentially have both luminescence efficiency and high mechanical strength. This provides a method to make stronger luminescent materials by way of nanofabrication as is used for other nanocomposite materials used primarily in structural applications. The added functionality can result in semiconductor nanocomposites with higher strength, light emission, and electrical conductivity. This can lead to their use in load-bearing applications and in sensing deformations for monitoring structural integrity. More importantly, the enhancement in mechanical strength and stability of luminescent materials will improve their performance and expand their application in radiation detection, medical imaging, flat panel displays and sensing in challenging environments.
In this paper, we report the enhancement of mechanical strength in luminescent nanoparticles by nanofabrication.
Experimental details
The nanocomposite materials were prepared as follows. A four-neck flask was charged with 100 ml deionized water, 1.5 g polyvinyl alcohol, 0.5 g Nd(NO 3 ) 3 H 2 O, 0.1 g Mn(NO 3 ) 2 and 3.8 g Zn(COO) 2 and stirred under N 2 for 1.5 h. An aqueous solution of 4.6 g Na 2 S was added to the above solution slowly. After the addition, the resulting solution was stirred constantly under N 2 at 80
• C for 5 h and white-grey colloids of nanocomposite were formed. The nanocomposites were separated from solution by centrifugation and dried in vacuum at 80
• C. The identity, crystallinity, crystalline structure, size, and shape of the nanoparticles in the nanocomposites were determined by x-ray powder diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) and energy dispersive (EDS) analysis. The XRD pattern was recorded with a diffractometer using monochromatized Cu Kα 1 (λ = 1.540 56Å) radiation with Si (a = 0.5430 88 nm) as an internal standard. The nanocomposites were ground in an agate mortar and the micron-sized fragments were supported on lacy carbon films on copper grids for the HRTEM studies. The HRTEM images of the particles were obtained with a JEM 3000F transmission electron microscope (300 kV) with a structural resolution of 0.16 nm. The EDS spectra were recorded with an INCA system.
The photoluminescence and lifetime data were collected using a nanosecond optical parametric oscillator/amplifier (Spectra-Physics MOPO-730) operating at a 10 Hz repetition rate and tunable between 440 and 1800 nm. The output of the MOPO system was frequency doubled in a KDP crystal and directed onto the particles. Emission was collected at right angles to the excitation and focused into a 1/8 metre monochromator equipped with either a gated intensified CCD detector (for emission spectra) or a standard photomultiplier tube (for lifetime measurement).
The mechanical properties were measured by nanoindentation. An MTS Nano XP system was used for nanoindentation measurements. The full capacities of the nanoindenter in indentation depth and load are 500 µm and 500 mN, respectively. The resolutions of displacement and load are 0.01 nm and 50 nN, respectively. The Berkovich indenter was used; it was modelled as an equivalent conical indenter in the analysis of the load-displacement data. Due to the small and irregular size of nanocomposites, the sample materials were embedded in epoxy (Bondo Home Solution). The epoxy enclosing the nanocomposite sample was then cured, and was cut and polished with care to generate a smooth and flat nanocomposite surface for nanoindentation. The nanoindentation tests were conducted at 22
• C inside a heat-insulated chamber. The environmental relative humidity was kept at ∼50%. The tests were not started until specimen and nanoindentation setup reached a thermal equilibrium state, indicated by a drift rate of 0.05 nm s −1 or smaller. A ramp loading history was applied in the nanoindentation tests. After the indenter had made contact with the specimen surface, the nanoindentation load and displacement data were acquired simultaneously at a rate of five data points per second.
Results and discussion

Size and structure
The XRD measurements demonstrate that the nanocomposite materials contain two main components: kozoite ((Na, La, Ca)( the bulk c-axis (0.521 nm) distance. The (111) spacing measured in figure 2(c) is 0.31 nm and is consistent with the (111) spacing of bulk ccp-ZnS (0.312 nm). The EDS spectral analysis indicates that the ratio of sulfide to oxide is about 5/2 (not shown).
Luminescence
Intense luminescence is observed from the nanocomposite materials as displayed in figure 3 . The luminescence excitation maximum is at 355 nm, which corresponds to the band-toband transition of ZnS nanoparticles [9] and also can excite the PVC polymer. Two emission peaks are observed at 568 and 600 nm. The emission at 600 nm is consistent with the emission from the 4 T 1 → 6 A 1 transition of Mn 2+ in ZnS:Mn 2+ nanoparticles [9] . commonly observed in ZnS:Mn 2+ [9] . Time-resolved spectra (data not shown) also indicate that the ratio of the two peaks does not change over this lifetime.
The data in figure 4 indicate that both emission peaks have nearly the same lifetime. While the 610 nm emission is consistent with Mn 2+ luminescence, the origin of the 560 nm band is not clear. The 560 nm emission could be due to a number of causes. First, Mn 2+ emission can shift to the blue in oxide environments such as Zn 2 SiO 4 [10] . In this case however the luminescence lifetime becomes significantly longer, of the order of 10 ms [10] . Another possibility is that the 560 nm emission is due to defect-related emission in ZnO. A recent report of ZnO luminescence in the mesoporous medium MCM-41 displays multiple luminescence peaks between 500 and 600 nm, and displays lifetimes of the many milliseconds timescale [11] . In either case, it is not clear why the two bands appear to have identical lifetimes.
The luminescence spectra do rule out a few possibilities for the origin of the 560 nm band. Nd 3+ is known to have luminescence in the near-infrared, and therefore it is unlikely that the emission derives from Nd 3+ . Mn 2+ doped into ZnO does not display luminescence and in fact usually results in efficient quenching of the ZnO luminescence, even at low concentrations [12] . Therefore, it is also unlikely that either emission results from Mn 2+ ions doped into the ZnO nanoparticles. Samples of Mn 2+ doped into NaNO 3 and PVA also failed to exhibit the green luminescence. Luminescence from Mn 2+ in CaCO 3 has been reported; however, the emission peaks at 610 nm [13] . This makes it unlikely that the green emission originates from kozoite. One remaining possibility is that the green luminescence originates from Mn 2+ ions on the ZnS surfaces, but surrounded by oxygen present in some of the other components in the nanocomposite. Mn 2+ on the surface of ZnS nanoparticles is normally not luminescent but it is possible that the near proximity to an oxygen environment allows for luminescence in this case. This environment is similar to the environment of Mn 2+ ions in zinc silicates [10] and spinel [14] , both of which give strong green luminescence.
Mechanical properties
Nanoindentation was used to measure the mechanical properties of the neat PVA resin and the nanocomposite sample.
Methods for extracting mechanical properties from nanoindentation load-displacement curves have been developed by Oliver and Pharr [15] for elastic-plastic materials, by Cheng et al [16] using a flat-punch indenter and by Lu et al [17] using a Berkovich or a spherical indenter for viscoelastic materials. Both the PVA and the nanocomposite samples are viscoelastic materials, so their properties can only be determined accurately using a method appropriate for viscoelastic materials. The method developed by Lu et al [17] was used in the measurements of viscoelastic properties of PVA and its nanocomposites.
The creep compliance of a linear viscoelastic material can be expressed by the generalized Kelvin model
where J 0 , J i are compliance numbers, τ i retardation times. Based on the viscoelastic solution to the indentation problem, and using the generalized Kelvin model expressed in equation (1), the nanoindentation load-displacement relationship, under conditions of a ramp loading history P = v 0 t and a constant Poisson's ratio ν, is [17] 
where α is the angle between the generator of the equivalent conical indenter and the surface of the nanocomposite workpiece. After fitting equation (2) to the load-displacement curve from nanoindentation, all parameters, J 0 , J i (i = 1, . . . , N ) and τ i , can be obtained. The creep compliance can be subsequently determined using equation (1) . Once J (t) is obtained, other viscoelastic functions, such as the Young's relaxation modulus E(t), can be determined from their interconversion relation. For example, the creep function in shear, J (t), can be converted to the Young's relaxation modulus E(t) through
under the condition of a constant Poisson's ratio ν.
Hardness is an important material property that can be conveniently measured by nanoindentation. Hardness is 
where P max and A max are the maximum load and the maximum projected contact area between indenter and sample, respectively. Figure 5 shows load-displacement curves from three nanoindentation measurements using a Berkovich indenter. The results are highly repeatable; the maximum load and depth are approximately 2.4 mN and 810 nm, respectively. To determine the Young's relaxation modulus of the nanocomposites, the load-displacement relation as shown in equation (2) is used to fit the load-displacement curve from nanoindentation. The fitted curve agrees well with experimental data, as indicated in figure 6 . The correlation coefficient is 0.999 912. With the material parameters obtained from the curve-fitting process, the creep compliance in shear is determined from equation (2), and is converted to Young's relaxation modulus using (4), assuming a constant Poisson's ratio ν = 0.3. The Young's relaxation modulus as a function of time is shown in figure 8 . There is a noticeable change of modulus at the initial stage (approximately before t = 30 s). This is caused by viscoelastic behaviour at the transient stage. After approximately t = 30 s, the Young's relaxation modulus tends to approach a stable value. At t = 100 s, the Young's relaxation modulus is 1.985 GPa.
The Young's relaxation modulus of PVA resin was also measured. Figure 7 shows the nanoindentation loaddisplacement curves. Following the same procedures applied to the nanocomposites, the Young's relaxation modulus as a function of time was determined for PVA resin, as shown in figure 8 . At t = 100 s, the Young's relaxation modulus is 2.061 GPa. The comparison between the nanocomposites and neat PVA resin indicates that the modulus of the semiconductor nanocomposite is nearly as high as that of PVA resin.
The hardnesses of both the nanocomposite and PVA resin were measured at different depths using the continuous stiffness measurement (CSM) module. Figure 9 shows the hardness as a function of depth. At an indentation depth less than 100 nm, there is a drastic change of hardness with depth for both materials. This unstable portion of the curve is caused by the ploughing effect of the indenter tip at shallow indentation depth. The data in the unstable depths were excluded in the computation. To examine the uniformity of the nanocomposite, several indentations were conducted at different locations. The hardness results measured at six locations are shown in figure 10 ; the average value of hardness is 0.251 GPa and the standard deviation is 0.042 GPa. The results indicate that the nanocomposite is nearly homogeneous. The average value of hardness of the PVA resin, as shown in figure 9 , is 0.376 GPa. The decrease of hardness of the nanocomposite indicates that the nanocomposites based on PVA are slightly softer than the neat resin PVA. However, nanoindentation measurements show that the nanocomposites possess both fairly high modulus and reasonably high hardness. Compared to the commonly used polymer, polycarbonate (PC), which has Young's modulus (at t = 100 s) of 1.870 GPa [17] , and hardness 0.205 GPa determined from our nanoindentation measurements, the nanocomposites are slightly stiffer and harder. It should be noted that the hardness is normally proportional to the yield strength of the material. Since the hardness of the nanocomposites is higher than that of PC, it is expected that the yield strength of the nanocomposites is higher than that of PC, a typical engineering material, for applications such as casing materials for cellular phones and bullet-proof window glasses. Similarly, compared with SWNT/polyelectrolyte nanocomposites which have Young's modulus and average hardness of 1.010 GPa (at t = 100 s) [8] and 0.206 GPa (output from nanoindentation CSM measurement), respectively, the composites are also stronger. A comparison of modulus and hardness between several different materials is shown in table 1. These results indicate that the semiconductor nanocomposites developed in this study can provide also good mechanical properties in addition to luminescence.
Discussion
The nanocomposite sample contains polyvinyl alcohol, ZnS and ZnO nanoparticles as well as kozoite and sodium nitrate. Figure 10 . Hardness measured at different locations. The relationship between these constituents and the function of the individual constituent of the nanocomposite is not yet clear. However, the hardness data from nanoindentation measurements at different locations indicate that the sample is nearly homogeneous. Using a fibre tip probe, we measured the luminescence intensity at five locations of the sample and found that the intensity variation is less than 5%. This demonstrates further that the composition of the sample is nearly homogeneous. It is reasonable to assume that PVA acts as a binding agent linking the ZnS and ZnO nanoparticles as well as kozoite together. Sodium nitrate might work as a 'melting agent' allowing the composition to be distributed uniformly. The mingling of these multifunctional constituents enables the materials to become both strong and luminescent. Table 1 compares the modulus and hardness data of the semiconductor nanocomposites with carbon nanotube composites and polycarbonate polymers. Our results indicate that the nanocomposite samples are stiffer and stronger than polycarbonate, indicated by a higher modulus and hardness (and higher yield strength).
Hardness (GPa)
It is about 10-15 times stronger and harder than carbon nanotube polyelectrolyte nanocomposites with ∼5% carbon tube loading. Even though the mechanism for the strength enhancement is not yet clear, we believe that it is due to the interaction between the particles and the PVA polymers. We have chosen PVA (polyvinyl alcohol) as the coupling agent for the nanocomposites because PVA, as an environmentally friendly water-soluble polymer, is widely used for textile warp sizing, adhesives, paper sizing agents, and ceramic binders, and is also used in cosmetics, emulsion stabilizers, civil engineering, construction, pharmacy and electronics industries [15, 16] . It has excellent film forming, emulsifying, and adhesive properties. It is also resistant to oil, grease, and strong acids or bases. PVA has high tensile strength, flexibility, as well as high oxygen and aroma barrier properties [18, 19] . More interestingly, PVA has a blue luminescence, as shown in figure 11 . ZnS:Mn 2+ , Nd 3+ nanoparticles have strong emissions in the green and red. Thus the PVA/nanoparticle composites can be developed as whitecolour emitting materials for solid-state lighting and/or fullcolour displays as shown in figure 12 . In addition, intense x-ray luminescence can be observed from these nanocomposite materials, and the x-ray luminescence intensity is constant for x-ray irradiation times up to 30 min. These factors indicate that the reported nanocomposite material is potentially interesting for certain special applications.
Conclusions
In summary, this pilot study has demonstrated that nanofabrication can be an effective method to improve the mechanical strength of luminescent materials for some special applications. X-ray diffraction and high-resolution transmission microscope observations reveal that the nanocomposite materials contain ZnS and ZnO nanoparticles as well as kozoite and sodium nitrate. PVA is used as the coupling agent and the mechanical strength and hardness of these nanocomposite materials are higher than polycarbonate polymer glass and carbon nanotube composites. Strong luminescence is observed from the nanocomposites and full-colour emission can be realized from these composite materials. The luminescence intensity does not degrade following x-ray irradiation times of up to 30 min. Our results indicate that these nanocomposite materials may find potential applications for solid-state lighting, indicators, and radiation detection in harsh conditions.
